Background: Global loss of methylated cytosines in DNA, thought to predispose to chromosomal instability and aneuploidy, has been associated with an increased risk of colorectal neoplasia. Little is known about the relationships between global hypomethylation and lifestyle, demographics, dietary measures, and genetic factors. Methods: Our data were collected as part of a randomized clinical trial testing the efficacy of aspirin and folic acid for the prevention of colorectal adenomas. At a surveillance colonoscopy f3 years after the qualifying exam, we obtained two biopsies of the normal-appearing mucosa from the right colon and two biopsies from the left colon. Specimens were assayed for global hypomethylation using a pyrosequencing assay for LINE-1 (long interspersed nucleotide elements) repeats. Results: The analysis included data from 388 subjects. There was relatively little variability in LINE meth-
Introduction
Growing evidence suggests that epigenetic alterations play a role in carcinogenesis (1) . Both global loss of methylated cytosines (2, 3) and accumulation of abnormally hypermethylated sequences in CpG islands near promoter sites of specific genes (4) have been identified as potential mechanisms leading to the development of colorectal cancer. Alterations in methylation status within promoter regions may affect gene control by impairing transcription. Global loss of methylation may also affect chromatin structure, facilitate chromosomal instability and aneuploidy, and increase mutation rates (5) (6) (7) .
Some evidence suggests that DNA methylation may be altered by dietary availability of methyl groups. Folate, in the form of 5-methyltetrahydrofolate, is involved in the remethylation of homocysteine to methionine, the precursor of S-adenosylmethionine, which is the primary methyl donor for most biological methylation reactions (8) . Studies have inconsistently found that folate deficiency results in genomic DNA hypomethylation in hepatic and colonic tissues in rodent models (9) (10) (11) (12) (13) and in vitro systems (14) . Folate depletion studies and intervention studies with folic acid supplementation in humans have also not been entirely consistent (15) (16) (17) (18) (19) (20) , suggesting that the role of folate in DNA methylation may be site, cell, and tissue specific and dependent on the dose and stage of cellular transformation (21) .
Other dietary measures and demographic and lifestyle characteristics may also be associated with global DNA methylation. Some studies have reported on the potential associations between hypomethylation and age, gender, alcohol, dietary intake, and circulating levels of selected B-vitamin cofactors and homocysteine (15, (22) (23) (24) (25) (26) , but results are inconsistent, and only a few of these investigations used human colorectal tissue (26) (27) (28) . Additional evidence suggests that global DNA methylation may be lower in tumor or precursor lesions than in normal colonic tissue (24) and on the right compared with left side of the colon (29) .
In the present study, we investigate the relationships of lifestyle, demographic, dietary, and genetic factors with genomic methylation, using a LINE-1 (long interspersed nucleotide elements) pyrosequencing assay, in normal mucosal biopsies from individuals in a clinical trial of aspirin and folate for the prevention of large bowel adenomas. We also examine the relationship between LINE-1 methylation and risk of adenoma occurrence and whether methylation levels modify the association between folic acid treatment and risk.
Materials and Methods
Study Sample. The Aspirin/Folate Polyp Prevention Study is a randomized, double-blind, placebo-controlled trial of the efficacy of oral aspirin, folic acid, or both to prevent colorectal adenomas in patients with a history of adenomas (30, 31) . Recruitment at nine clinical centers in North America began on July 6, 1994 and ended on March 20, 1998 . The study was originally designed to investigate the chemopreventive potential of aspirin. Shortly after enrollment began (after 100 subjects had been randomized), the study was extended to incorporate folic acid supplementation in a 3Â2 factorial design, with 1 mg folic acid or placebo incorporated into each aspirin treatment arm.
Eligible individuals had at least one of the following: one or more histologically confirmed adenomas removed within 3 months before recruitment, one or more histologically confirmed adenomas removed within 16 months before recruitment and a lifetime history of two or more histologically confirmed adenomas, or a histologically confirmed adenoma at least 1 cm in diameter removed within 16 months before recruitment. Followup colonoscopy was obtained from 1,081 individuals f3 years after the qualifying examination.
A total of 914 (84.6%) persons were approached for permission to obtain normal mucosal biopsy at the 3-year colonoscopy and 781 (85.4%) consented. Of the 167 individuals who were not approached, 92 (55%) were from one center that could not participate in the biopsy study, and the remaining individuals were randomized only to aspirin. Of the 781 individuals, we obtained two biopsies of normal mucosa from the rectum and two biopsies from the mid-sigmoid from 768 (98.3%) individuals (total samples = 3,072). Of the 13 individuals who consented but did not provide biopsies, the reasons were schedule conflicts (n = 9), no institutional review board approval at hospital (n = 3), and unknown (n = 1). Our analysis includes data from 1,000 samples analyzed to date for the LINE-1 assay (499 from the left colon and 501 from the right colon) taken from 388 individuals. Of these, 1 subject had only one biopsy from the left colon, 274 subjects had two biopsies (273 from both sides of the colon and 1 from the right colon only), 1 subject had three biopsies (1 from the right colon and 2 from the left colon), and 112 subjects had four biopsies (111 had two biopsies from each side of the colon and 1 subject had three from the right colon and one from the left colon).
The samples were collected in 2 mL freezer tubes and immersed in liquid nitrogen. After freezing, tubes were transferred from liquid nitrogen to dry ice where they were stored in -70jC freezers at the center clinical center storage freezer until an annual shipment of all biopsy specimens during the previous year to M. D. Anderson Cancer Center for DNA extraction.
Written informed consent was obtained from each participant, and the institutional review board of every participating institution approved the studies.
Follow-up. Adenoma occurrence was determined by colonoscopy at the end of the 3-year follow-up and pathology review. All important medical events reported by participants were verified with medical record review. Records for all large bowel procedures (endoscopy or surgery) were obtained, and slides for all tissues removed from the bowel were retrieved and sent to a single study pathologist for uniform review. Lesions were classified as neoplastic (adenomatous, including sessile serrated adenomas) or nonneoplastic. Advanced lesions were defined as invasive carcinoma or adenomas with at least 25% villous component, high-grade dysplasia, or estimated size of z1 cm.
Data Collection
Questionnaires. All participants completed a baseline questionnaire regarding personal characteristics, medical history, and lifestyle habits. Dietary information at baseline was collected using the Block food frequency questionnaire, whose validity and reliability have been described previously. 6 Questions assessed the average consumption of a food item during the past year. Brand and type of multivitamin supplement use were collected. Daily nutrient intakes were calculated by multiplying the frequency response by the nutrient content of the specified portion size using a comprehensive database.
Measurement of Baseline Circulating Levels. Blood samples from nonfasting participants were collected at baseline into 7 mL Vacutainer brand tubes containing EDTA. After collection, specimens were immediately put on ice and then centrifuged at 1,100 Â g for 10 min. Whole blood, plasma, and buffy coat fractions were stored at -20jC for 6 to 12 months and then transferred to Dartmouth Medical School where they were stored at -80jC until analysis.
Vitamin B 2 (riboflavin) and vitamin B 6 (pyridoxal 5 ¶ phosphate, the main active form of vitamin B 6 ) were determined in plasma by liquid chromatography-tandem mass spectrometry and vitamin B 12 by microbiological assay using published methods (32, 33) . Plasma folate was determined by microbiological assays using a colistin sulfate-resistant strain of Lactobacillus leichmannii (33) and RBC folate was determined by the ACS:180 folate assay, a competitive immunoassay using direct chemiluminescent technology (Bayer). Plasma homocysteine was analyzed by high-performance liquid chromatography with fluorescence detection (34) . Biochemical analyses were conducted blinded to methylation features, randomized treatment assignment, and other subject characteristics.
Genotyping Assay. The following polymorphisms were considered in this study: cystathionine-h-synthase (CBS)-1080 C>T, A360A (rs1801181) and CBS-699 C>T, Y233Y (rs234706), methylenetetrahydrofolate reductase (MTHFR)-677 C>T, V222A (rs1801133) and MTHFR-1298 C>T, A429E (rs1801131), methionine synthase (MTR)-2756 A>G, D919G (rs1805087), and methionine synthase reductase (MTRR)-66 A>G, I22M (rs1801394). These polymorphisms were genotyped using the 5 ¶ nuclease TaqMan allelic discrimination assay on the ABI 7900HT (Applied Biosystems). Each assay contained qualitycontrol DNA of the homozygous wild-type, heterozygous, and homozygous variant alleles for the respective polymorphisms in addition to the no-target controls. Specific experimental details are provided elsewhere (35) .
Bisulfite Pyrosequencing LINE-1 Analysis. Specimens were assayed for global genomic methylation using LINE-1 bisulfite pyrosequencing. Each biopsy sample was assayed in duplicate; the correlation between replicates was r = 0.7. DNA was quantitated using spectrophotometry and quality was verified by gel electrophoresis on all samples; highly degraded samples were excluded from analysis (but were very rare). Sodium bisulfite modification of tumor DNA was done as reported previously (36) . Methylation analysis of LINE-1 promoter (GenBank accession no. X58075) was investigated using a pyrosequencing-based methylation analysis. We carried out 50 AL PCR in 60 mmol/L TrisHCl (pH 8.5), 15 mmol/L ammonium sulfate, 2 mmol/L MgCl 2 , 10% DMSO, 1 mmol/L deoxyribonucleotide triphosphate mix, 1 unit Taq polymerase, 5 pmol of the forward primer (5-TTTTTTGAGTTAGGTGTGGG-3), 5 pmol of the reverse-biotinylated primer (5-BIO-TCTCACTAAAAAATACCAAACAA-3), and 50 ng bisulfite-treated genomic DNA. PCR cycling conditions were 95jC for 30 s, 50jC for 30 s, and 72jC for 30 s for 50 cycles. If very low amounts of DNA are obtained after PCR, an internal quality check by the pyrosequencing software generates an error call and those values are excluded (and the PCR was repeated). The biotinylated PCR product was purified and made single-stranded to act as a template in a pyrosequencing reaction as recommended by the manufacturer using the Pyrosequencing Vacuum Prep Tool (Pyrosequencing). In brief, the PCR product was bound to streptavidin Sepharose HP (Amersham Biosciences) and the Sepharose beads containing the immobilized PCR product were purified, washed, denatured using a 0.2 mol/L NaOH solution, and washed again. Then, 0.3 Amol/L pyrosequencing primer (5-GGGTGGGAGTGAT-3) was annealed to the purified single-stranded PCR product and pyrosequencing was done using the PSQ HS 96 Pyrosequencing System (Pyrosequencing).
Statistical Analysis. We compared individuals included in this study with those that we were unable to assay regarding selected characteristics using a m 2 test, t test, or Mann-Whitney two-sample test for categorical and continuous variables as appropriate. Spearman's rank correlation coefficient was used to compute the correlation between paired biopsies and between biopsies on the right and left colon. We used multilevel mixed-effects linear regression to assess the betweenbiopsy and between-person variances. To assess the association between LINE-1 methylation levels and selected variables, we used linear regression. Because some individuals had more than one sample, we used generalized estimating equations to account for the within-subject correlation of measurements. , and race (White, Black, Hispanic, and Other). Alcohol intake at baseline was defined as the average number of drinks (beer, wine, and liquor) per day during the past year. Current smoking was defined at baseline as smoking at least one cigarette a day during the past 12 months. Former smoking was defined as individuals with a past history of smoking who have not smoked in the 12 months before interview. Individuals who regularly consumed multivitamins (at least once per week) were considered as multivitamin users. Dietary factors of interest included folate, B 2 , and B 6 . We were not able to examine dietary B 12 because it was not estimated by the food frequency questionnaire software. Circulating levels of plasma and RBC folate, plasma B 2 , B 6 , and B 12 , and homocysteine were also considered. We examined the following genotypes: MTHFR-C677T, MTHFR-A1298C, MTR-A2756G, MTRR-A66G, CBS-C1080T, and CBS-C699T using a codominant model.
We present crude mean LINE-1 levels and 95% confidence intervals (95% CI). Adjustment for age, sex, race, smoking, alcohol, and folate did not significantly change these findings; therefore, the unadjusted models are presented. We also tested whether site within the colon (right versus left) modified the association between global methylation and selected characteristics by inclusion of an interaction term in model.
Overdispersed generalized linear models for the Poisson family as an approximation to the binomial family were used to compute crude and adjusted risk ratios to assess the association between LINE-1 methylation and the risk of at least one new adenoma. These models were adjusted for age and sex. Inclusion of length of follow-up, aspirin treatment group, and multivitamin use resulted in no significant change in the estimates of risk and the more parsimonious models are presented.
Additionally, to mitigate the influence of possible outlying values on levels of methylation, we performed an analysis excluding 10 samples (5 individuals) with very high values of LINE-1 methylation (>74.5%). Exclusion of these individuals did not affect any of the findings and we present results for all samples. Table 1 compares selected characteristics between the subset of individuals included in this analysis and the remaining individuals involved in the trial. There were no significant differences, except for measures of baseline dietary and circulating (plasma and RBC) folate. Individuals in this analysis had lower dietary folate intake and circulating levels of folate compared with those not included (P values < 0.04). The correlation between paired biopsies was only r = 0.09 (P = 0.37) on the right side and r = 0.17 (P = 0.076) on the left side of the colon. The between-biopsy variance (SD, 2.15%) was larger than the between-person variance (SD, 0.89%).
Results
Mean LINE-1 methylation levels in normal mucosa among individuals with and without adenomas at 3-year follow-up colonoscopy were 64.37% (95% CI, 63.95-64.79) and 64.37% (95% CI, 64.03-64.71), respectively (P for the difference = 0.99). For advanced lesions detected at the 3-year colonoscopy, the difference was also minimal (mean, 63.83; 95% CI, 62.86-64.80 versus mean, 64.41; 95% CI, 64.14-64.69 for individuals with and without advanced lesions, respectively; P for the difference = 0.25). Individuals randomized to folic acid treatment had slightly higher LINE-1 methylation levels (mean, 64.53%; 95% CI, 64.16-64.90) than those in the placebo group (mean, 64.21%; 95% CI, 63.83-64.58), but this difference did not reach statistical significance (P = 0.23). Samples from the left side of the colon had significantly higher LINE-1 methylation levels than those on the right (left mean, 64.88%; 95% CI, 64.55-65.21 and right mean, 63.86%; 95% CI, 63.56-64.16; P < 0.0001), although this difference was modest in magnitude.
No significant associations were found between LINE-1 methylation and subject age, sex, or body mass index ( Table 2 ). The association between LINE-1 methylation and smoking and alcohol appeared to be modified by site within the colon (right versus left): there were suggestions of an association on the right but none on the left. Hispanic and other racial groups had higher levels of LINE-1 methylation than White and Black individuals, particularly in samples from the right side.
Dietary folate intake at baseline was not associated with LINE-1 methylation overall or on the left side (Table 3) . We observed an inverse association between LINE-1 methylation and folate from samples on the right, although there was no consistent trend over quartiles of intake. Furthermore, we did not observe any association between total folate intake and LINE-1 methylation. Multivitamin use and dietary intake of B 2 and B 6 were also not associated with LINE-1 methylation.
Circulating levels of folate (plasma and RBC), B 2 and B 12 , and homocysteine showed no association with LINE-1 methylation overall or in specimens from the left or right side separately (Table 4) . Individuals in the highest quartile of plasma B 6 had significantly higher levels of LINE-1 methylation than individuals in the lowest quartile, but this association was limited to samples taken from the left side (P = 0.04).
In addition, we found no evidence that LINE-1 methylation was significantly associated with genotypes in MTHFR (C677T or A1298C), MTR (A2756G), MTRR (A66G), and CBS (C1080T and C699T; Table 5 ).
Among all individuals, the adjusted relative risk (RR) of any adenoma occurrence associated with a 1 SD increase in LINE-1 methylation was 1.00 (95% CI, 0.91-1.10). For advanced lesions, the same increase in LINE-1 methylation was associated with a nonsignificantly reduced risk (adjusted RR, 0.79; 95% CI, 0.56-1.11). There was no evidence that the effect of folic acid differed between individuals in the lowest and highest tertiles of LINE-1 methylation [adjusted RR (95% CI) for folic acid treatment, 1.06 (0.83-1.36) and 0.94 (0.73-1.20), respectively; P interaction = 0.67]. For advanced lesions, the risk associated with folic acid treatment was nonsignificantly greater among individuals in the lowest tertile of LINE-1 methylation than among those in 
Discussion
In this clinical trial of individuals randomly assigned to either 1 mg/d folic acid or placebo and prospectively followed for new colorectal adenomas, samples from the right side of the normal colon had significantly lower mean LINE-1 methylation levels than those on the left. Otherwise, LINE-1 methylation appeared very stable in the sense that it did not correlate significantly with many of the characteristics we studied including age, sex, body mass index, smoking status, alcohol use, dietary intake, and circulating levels of folate and other B vitamins, homocysteine, and selected genotypes. Higher levels of global hypomethylation were observed among Hispanics and other racial groups compared with White and Black individuals. Individuals who were randomized to folic acid did not have higher methylation in the normal colon after 3 years of follow-up than those in the placebo group. We also did not observe different levels of methylation in individuals with and without an adenoma at the examination at which the biopsies were taken. In addition, there was no indication that LINE-1 methylation significantly modified the association between folic acid treatment and risk of any adenomas or advanced lesions.
In agreement with our findings, a small study also suggested that global DNA methylation was lower on the right versus left side in the normal colon mucosa (29) . Increases in global DNA methylation following folic acid supplementation were also found to be greater in the right colon than in the rectum in a clinical trial (18) . However, other small studies failed to observe any association between LINE-1 methylation and site in the bowel (26, 37) . The right side of the colorectum is hypothesized to be different from the left with respect to colon cancer etiology. The presence of BRAF mutations, the CpG island methylator phenotype and microsatellite instability, and absence of KRAS mutations are noted characteristics of cancers in the right compared with the left colon (38, 39) and previous studies have suggested that LINE-1 methylation is inversely correlated with CpG island methylator-high and microsatellite instability-high in colorectal cancers (26, 29, 40, 41) .
Conflicting evidence exists on the relationship between folate and DNA methylation in the colorectum. Cravo et al. first proposed that folate deficiency may enhance colorectal carcinogenesis through an induction of genomic DNA hypomethylation (42) . However, rodent studies examining folate deficiency have shown limited evidence of a significant change in genomic DNA methylation induced by folate deficiency in colon tissue (21) . Human intervention studies of folate deficiency have suggested that lowered folate status may result in genomic DNA hypomethylation in peripheral blood lymphocytes (15) . In addition, studies using the methyl acceptance assay have suggested the possibility that folate supplementation may increase global methylation in colorectal tissues in individuals with and without adenomas (18, 27, 28, 43) , but this has not been seen in studies using other methylation measurements (20, 21) . Our data provide no evidence that folic acid supplementation and dietary or circulating folate or other B-vitamin cofactors are associated with levels of global methylation in the normal colon among individuals with a history of adenomas. In addition, we investigated the association between LINE-1 methylation and serum homocysteine (a metabolite that inhibits S-adenosylmethionine-dependent methylation reactions) and observed no association. However, Friso et al. reported an inverse association between homocysteine and global DNA (44) . Together, these data support an alternative hypothesis proposed by Kim (45) that the effects of folate deficiency and supply of DNA methyl groups may be gene and site specific and depend on the cell type, organ, stage of transformation, degree, and duration of folate depletion. Alternatively, the effects of folate may be unrelated to DNA methylation. Only a few polymorphic genes involved in the onecarbon metabolism have been studied with respect to measures of global DNA hypomethylation. MTHFR-677T/T and 1298C/C have been associated with lower global methylation in lymphocytic DNA (26, 44, (46) (47) (48) . Furthermore, in a folate depletion-repletion study, women with MTHFR-677T/T genotype had a greater increase in leukocyte DNA methylation following repletion with folate than those who did not carry the variant (43) . However, these results are in contrast with our findings in normal colonic mucosa as well as with a small study of polyp-free individuals (28) . There is also conflicting evidence regarding the association between global DNA methylation and a polymorphism in MTR-A2756G (26, 28) .
In agreement with our results, previous studies have reported no relationship with either age or gender and methylation in human leukocytes or colonic mucosa (24, 29, 37, (49) (50) (51) . Alcohol consumption may decrease DNA methylation in hepatic tissue by antagonizing actions on folate metabolism and/or methionine synthetase or by decreasing the methyl group donor, S-adenosylmethionine, production. Indeed, alcohol ingestion has been shown to induce genomic DNA hypomethylation in the colonic mucosa of rats (22) and human leucocytes (52) . However, at least one other study did not observe a significant change in global DNA methylation associated with alcohol use (18) . Smoking has been linked with promoter methylation of specific genes and reduced levels of vitamin B 12 , which is needed for the synthesis of S-adenosylmethionine. At least one study has noted significant differences in global DNA methylation by smoking in aerodigestive mucosal tissue (53) . Previous studies have not reported on the potential variability in global hypomethylation across racial groups.
Some studies (24) , but not all (41) , have suggested that invasive cancers are more hypomethylated than adenomas and similarly for adenomas compared with normal tissue. Furthermore, hypomethylation appears to be detectable even in normal tissue far from the tumor site (37) , suggesting that hypomethylation is an early event in colon carcinogenesis. We found no indication that normal tissue from individuals with adenomas had lower levels of LINE-1 methylation than those without adenomas.
A limitation of our findings is that we used a convenience sample. We selected the first 1,000 samples for analysis and therefore did not have all 4 samples for each of the 768 who consented for biopsy, nor did we measure LINE-1 methylation in adenomas. Also important to note is that our study was restricted to individuals with a recent history of adenomas, so we may have limited variability in methylation values. Furthermore, we used a pyrosequencing-based method to determine LINE-1 methylation. LINE-1 sequences are the most common repeat elements, constituting at least 18% of the human genome (54) . LINE-1 elements are normally heavily methylated in somatic tissue, and their level of methylation is significantly correlated with genomewide 5-methylcytosine content as measured by highperformance liquid chromatography (55) . In a validation study, the LINE-1 assay was compared to a restriction digestion method, COBRA, in colon cancer cell lines treated with the methylation inhibitor 5-aza-2 ¶-deoxycytidine; there was a 18% to 60% decrease in LINE-1 methylation after 3 days of treatment by either method (56) . The relationship between the pyrosequencingbased LINE-1 assay and the methyl group acceptance assay used in some previous studies (13, 18, 27, 28, 43) is unknown. In this study, assay replicates were highly correlated; however, different biopsies from the same subjects were not. The reasons for this discrepancy are not clear. This suggests that LINE-1 methylation varies randomly in a relatively narrow range in any one area of the bowel. There are no data using any methylation assay that have carefully looked at measurement issues.
Despite these limitations, our study has notable strengths. This study is based on a group of individuals randomized to folic acid supplementation and we had high response rates. The prospective design also assures that selection or recall biases are unlikely to influence our results.
In summary, we observed significant evidence to suggest that normal colonic mucosa from the right side of the colon has lower global hypomethylation compared with the left side in individuals with a previous history of adenomas. However, we also found that global DNA methylation is stable and shows no association with personal characteristics and folic acid supplementation. If indeed selected characteristics or folic acid supplementation are associated with colorectal neoplasia, they may not operate through genomic methylation. These implications merit further investigation.
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